This study deals with the freeze-drying of berries, vegetables, roots and pork produced in Finland. The products were freeze dried whole, in slices or cubes. The pressure in the drying chamber was 10-20 Pa and the maximum surface temperature +23-+ 40°C. The products were packed after freeze-drying into glass jars under air and in polyesteraluminium-polyethene foil under vacuum or nitrogen atmosphere. The drying temperatures and drying times were measured. During storage for 4 months, the differences in quality were evaluated.
Introduction
Freeze-drying is a dehydration method which has not yet been commercially applied by the Finnish food industry. The basic principle of freeze-drying involves sublimation of water at low temperatures and pressures which are determined by the physical properties of water. The temperature and pressure of the system have to be below those of the triple point of water. The pressure is usually between 10 and 100 Pa and the highest surface temperatures between -I-20 and + 60°C. Freeze-drying as a preservation method has been carefully reviewed by King(l97o), Karel (1975) and Mellor (1978) . Funk and Knudsen (1983) have defined freeze-drying as a three-step process, these steps being freezing, drying and dehydration of the material. In freezing, the temperature of the material is lowered and the water is solidified, in drying the water is sublimated and in dehydration the water bound is removed. During freeze-drying, the material to be dried involves two regions, the dry layer and the ice layer (Karel and Flink 1973) . Heat is usually supplied by radiation to the surface of the material and is conducted through the drying region to the interface where the frozen water is sublimated. This heat is used to sublimate the water bound in the drying region, to superheat the vapor passing through the drying region and to in-crease the internal energy of the material in the drying region (Mellor 1978) .
The most common configuration, usually the most desirable one, of materials to be freeze-dried is the slab form. In freezedrying the surface temperature of the material is rapidly brought to the maximum permissible level and maintained at this level by adjusting the radiator temperature according to the specific program. In practice the changes are done by feedback devices. The maximum surface temperature is usually dictated by quality considerations, especially those related to flavor and colour. The temperature of the frozen layer must be maintained below a critical level which depends on the nature of the product and its thermal history (Karel 1973) .
Compared with other food dehydration methods, freeze-drying is superior in retaining the shape, size, colour, aroma and nutrition value of food material. The retention of these properties is a function of preparing and freezing as also processing conditions. Fang et al. (1971) have studied the effects of pretreatment and freezing on the quality of freeze-dried mushrooms. Karel and Funk (1973) studied freeze-drying and the effects of freezing on the quality of freeze-dried food. Mälkki and Heinonen (1978) have studied freeze-drying of onions. Funk (1982) has reviewed the effect of processing on the nutritive value of freeze-dried food. Freeze-drying has been widely used in the manufacture of instant coffee and tea. It has also been applied to industrial meat and vegetable processing.
Finnish agricultural products are generally considered of high quality. Freeze-drying is a gentle dehydration method which can be used to retain this quality also in dry products. The purpose of this study was to establish the suitability of some Finnish food products to freeze-drying.
Materials and methods
In this study, a number of berries, vege- tables, roots and pork were freeze-dried. The products were purchased fresh from local dealers in 1984. The materials and their pretreatment conditions are given in table 1.
Freezing conditions
Freezing conditions are given in table 2; thereby freezing was done in air tunnel, flow freezer and in a freeze-drier. In all experiments, the products were transferred onto prefrozen (t < -4O°C) shelves of the freeze-drier. The products were loaded to the drying chamber on aluminium trays. All products except pork were loaded immediately after freezing. Pork was stored frozen at -2O°C for four weeks before freeze-drying. The pressure in the drying chamber was lowered to about 10 Pa before heat was applied to the product. The condenser was cooled to about -5O°C, and the pressure in the drying chamber was 10-20 Pa. The drying parameters are given in table 3. The pressure in the drying chamber was measured with an Edwards pirani 11 gauge. The temperature of the shelves, product surface and ice layer were measured with Cu-CuNithermocouples which were connected to a 12 point Honeywell recorder with a measurement range of -5O°C to + 100°C. The end point of the drying process was determined by the preset temperature whereafter the vacuum was broken with air. The final moisture content was measured by placing 2 -3 g of the materials in an air oven at + 105°C for 18 h and determining the weight loss.
Packing of the products
The products were packed immediately after freeze-drying into glass jars under air and in polyester-aluminium-polyethene foil under vacuum or nitrogen and stored at room temperature for 4 months.
Additional experiments
Turnip was freeze-dried as raw and blanch-ed cubes (1 cm 3 ) to examine the drying behaviour of turnip at different temperatures.
Pork was freeze-dried at a surface temperature of +4O°C in five experiments to examine differences in various batches, each batch weighing 2.5 kgs.
Results

Freeze-drying
The temperatures of the products during freeze-drying are given in figures I -3 . 1-3. The drying times were 18 to 25 hours. Figure 4 shows the temperatures of turnip during freeze-drying at different surface temperatures. The drying details of pork are given in table 4 and figure 5. 
Products
The moisture content of all freeze-dried products was I -3 1 -3 %. Observed changes in freeze-drying or in freeze-dried products are given in table 5. The products packed under nitrogen atmosphere or under vacuum proved more stable than the products packed under air.
Discussion
The purpose of the study was to establish the suitability of some Finnish agricultural products to freeze-drying. Most of the products tested proved suitable for freeze-drying.
However, commercial freeze-drying may be applied only after specific processing conditions have been determined for each product. In this study, the drying times for various products were rather long, ranging from 8 to 25 hours, the longest time being applied to drying of strawberries. Strawberries were dried as whole berries up to 3 cm in diameter.
At the beginning of freeze-drying, sublimation is very rapid, and the pressure in the system increases. Thereafter the sublimation rate becomes almost constant, and the rise of temperature in the material is slower until maximum surface temperature is reached, and the rest of the moisture is evaporated. This is shown clearly in the case of turnip and pork (Figures 4 and 5 ).
ing to their freeze-drying curves (Figures 1  and 2 ). It is possible that both of these materials tend to melt during freeze-drying. The carbohydrate content of all the products studied was high. Usually carbohydrates tend to promote collapse (King 1975) . Tsourouflis et al. (1976) observed that the higher the concentration of the initial solution, the higher the collapse temperature. In this respect the bilberries and radishes differ very much from each other, and collapse of bilberries might be due to increased pressure inside the bilberries during freeze-drying. This can also be observed in the very rapid rise of temperature at the beginning of freeze-drying. It is evident that also other berries with skin behave similarly. As pointed out by King (1975) , collapse of solid foods manifests as excessive shrinkage and poor rehydration. In this study, excessive shrinkage occured only in the radish.
The water content of radish is relatively high, about 93 % (Turpeinen 1975) , being the highest of the products studied. This may explain the more intensive collapse in radish than in other products. On the other hand, the membranes and cell walls of radish may be weaker than in other products studied. However, the sublimation temperature of radish was much higher than that of other products except bilberries. The behaviour of bilberries is similar to that of radish accord-The amount of uptake of water by the dried product is important in determining the quality of the product and, if there has been any significant biochemical change, e.g. denaturation of protein and hardening of the surface, rehydration will be poor (Holdsworth 1971) . Holdsworth (1971) has also pointed out that the histological changes which take place during freeze-drying revealed that whereas total collapse of the cell structure was common to all air-dried vegetable tissue, the freeze-dried products showed no cell collapse, only some wall rup-ture. The main observation in this study was that most of the freeze-dried products did not undergo structural changes.
In this study, most freeze-dried products had a very rapid moisture uptake from the air, and if stored unpacked, stickiness, softening and caking of the products were observed. It is possible that this phenomenon is a function of carbohydrate content of the products. The carbohydrate structure and structure transitions are very important in the agglomeration, caking and flow of powder materials (Funk 1983) . In sugar products, slight caking is observed at a w between 0.25 and 0.30 (Quast and Teixeira neto 1976).
This study revealed clearly that the freezedried products must be packed under vacuum or nitrogen immediately after freezedrying to avoid moisture uptake and oxidation, and thereby prevent excess aroma and colour losses during storage. The findings of Berlin et al. (1966) and Bishov et al. (1971) also support these results. This study showed the benefits of freeze-drying to maintain the original freshness of raw materials after processing and rehydration. Bilberry was the only product which proved unsuitable for freeze-drying, because its skin did not allow proper sublimation of ice, and this resulted in a poor quality and a moist final product. Collapse and aroma retention in freezedrying are dependent on the moisture and temperature gradients during freeze-drying. Most of the work was done with model systems (Funk and Karel 1970 , Funk et al. 1974 , To and Flink 1978 a,b, Tsourouflis et al. 1976 , and little attention was paid to solid foods. Further studies will be conducted to determine the optimal conditions for freezedrying of solid foods and to overcome the problems related to packing and storage.
